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Abstract
In this work, two blends of piperazine (PZ) and 2-amino-2-methyl-1-propanol (AMP) (5 m PZ/2.3 m AMP and 2 m 
PZ/4 m AMP) were characterized for use in CO2 capture by amine scrubbing.  Experimental results on solid 
solubility, CO2 solubility, mass transfer rate, viscosity, volatility and thermal degradation are given. The 2/4 blend 
has the advantages of low viscosity (6 cP at 40 °C when the loading is 0.45) and no precipitation over a wide 
loading range. The heat of CO2 absorption is 72 kJ/mol (PCO2 = 1.5 kPa, 40 °C), about 10 kJ/mol higher than 8 m PZ. 
The 2/4 blend maintains the performance of 8 m PZ in terms of high CO2 absorption rate and CO2 capacity.  The
5/2.3 blend has a better solid solubility window (0 °C) than 8 m PZ, but does not perform as well with other criteria.
© 2013 The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of GHGT
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1. Introduction
Amine scrubbing is a promising post-combustion technology for carbon capture from coal-fired power
plants. A good amine solvent should have high CO2 capacity (cyclic capacity, mol CO2/kg H2O+amine),
fast CO2 absorption/desorption rate, low viscosity, low degradation rate, and low amine volatility.  Also,
the energy consumption in the process has a strong dependence on heat of CO2 absorption. High heat of 
absorption leads to low energy requirement[1][2].
PZ is a cyclic amine with two secondary amine nitrogens.  8 m (mole amine per kilogram H2O) PZ has
been proved to be a promising solvent for CO2 capture, which has the advantages of fast reaction rate,
high capacity, and resistance to oxidation and thermal degradation[3]. The main disadvantage is that 8 m 
PZ has a narrow solid solubility window. The critical CO2 loading ( , mol/mol alkalinity) to avoid
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crystallization at 0 °C is 0.30 mol/equivalent amine[4].  By combining PZ with another amine, it is 
expected to get a wider solid solubility window while the other properties are comparable or better.  AMP 
is a hindered amine.  The lean/rich loading (when CO2 partial pressure is 500/5000 Pa) for 4.8 m AMP is 
0.27/0.56[5].  The CO2 capacity of 4.8 m AMP is two times that of 7 m (30 wt %) MEA.  The prediction 
from VLE measurement shows that the heat of absorption is lower than 7 m MEA, but slightly higher than 
8 m PZ.  But the reaction rate between 4.8 m AMP and CO2 is only half of 7 m MEA, less than one third 
of 8 m PZ.  Compared with MEA, concentrated AMP degraded much slower thermally[6].   
CO2 solubility, heat capacity, CO2 absorption rate, density, and viscosity for AMP/PZ blends have 
been investigated by several researchers[7-17], but they only focused on the physical properties of the 
unloaded blends and the highest experimental temperature for CO2 solubility and kinetics was 80 °C.  In 
this study, the blend of PZ and AMP will be characterized for two ratios, 5/2.3 and 2/4.  The physical 
properties for unloaded and loaded blends, high temperature CO2 solubility, and mass transfer rates, will 
be introduced. 
2. Materials and Experimental methods  
PZ (anhydrous 98%, Sigma-Aldridge) and AMP (99%, Acros Organics) were used for solution 
preparation without further purification.  CO2 loading was determined from total inorganic carbon 
analysis[18].  Amine concentration was checked by acid titration[18]. 
2.1. Solution preparation 
Loaded solutions were prepared gravimetrically on a scale.  The calculated amounts of DDI water and 
amines were weighed and mixed in a 500 mL flask.  The well mixed solution was transferred to the 
loader and a gas sparging cap was placed on top of the loader.  The CO2 inlet lines and CO2 vent lines 
were attached to the glass flanges on the gas sparger.  The CO2 flow was started until the desired amount 
of CO2 was absorbed by the solution. 
2.2. Solid solubility measurement 
Solid solubility experiments were conducted in a water bath with the temperature maintained within 
the range of 0 80 °C.  The 40 mL vials, loaded with the samples that had precipitated, were set at 40 °C 
30 °C and 25 °C overnight to have a feel for the transition temperature. Then 8 to 10 hours was given to 
reach equilibrium after increasing the temperature by 1 °C.  Since there was no mechanical stirring in the 
system, the vials were shaken by hand every two hours.  The transition temperature was defined as the 
temperature at which the solids disappeared. 
2.3. Total pressure measurement 
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The high temperature CO2 solubility data were obtained from total pressure measurement by the 
method used by Xu[19].  The apparatus was a 500 mL stainless steel autoclave (equilibrium vessel), a 
magnetic hollow shaft agitator (circulating gas and liquid phases), an electric PID temperature controller 
connected to a K-type thermocouple (±1.5°C accuracy), and a compressed air motor.  The computer 
recorded the total pressure in the gas phase through a pressure transducer and a signal converter.  The 
equilibrium partial pressure of CO2 was calculated by subtracting the partial pressure of N2 and H2O from 
the directly measured pressure.  Amine partial pressure was usually neglected in the calculation. 
2.4. Amine volatility measurement 
Amine volatility measurements[18] were performed in a volatility apparatus equipped with an oil-heated, 
sparged glass reactor.  The gas phase at atmospheric pressure was circulated at 180 oC from the top of the 
reactor to the bottom through a Fourier Transform Infrared (FTIR) analyzer, which continuously 
measured the composition of H2O, CO2, and amine in the gas phase.  A top-mounted agitator on the 
reactor was used to get mixing and reach the equilibrium.     
2.5. Wetted wall column 
The low temperature CO2 solubility data and mass transfer rates from 20 to 100 °Cwere measured 
using the wetted wall column[5][20].  The loaded amine solution was circulated by a pump and its 
volumetric flow rate was controlled by a liquid rotameter.  A N2/CO2 stream, after saturation with water, 
counter-currently contacted the liquid film on the outside surface of a stainless steel hollow tube in the 
wetted wall column.  The equilibrium partial pressure of CO2 was considered constant for each 
experiment.  By adjusting CO2 partial pressure in the inlet gas, CO2 was absorbed or desorbed.  The inlet 
and outlet CO2 concentrations were measured by infrared CO2 gas analyzers.  CO2 flux divided by the log 
mean driving force was the overall mass transfer coefficient (KG), which was related to liquid (kg ) and 
gas (kg) phase mass transfer coefficients in Eq. (1): 
 '
1 1 1
G g gK k k                                                                                                                                     (1) 
kg  is an important evaluation criterion of solvent performances, representing the rate of absorbing 
CO2. 
2.6. Thermal degradation 
The thermal degradation experimental method was developed by Davis[6].  Half-inch 316L stainless 
steel tubing was cut into 10 cm segments and fitted on each end with Swagelok® endcaps.  The endcaps 
were tightened as much as possible to hold high pressures and maintain the concentration of amine and 
carbon dioxide in solution.  A set of cylinders loaded with the same solution was created and placed in an 
oven.  Individual sample cylinders were removed at specified time intervals and cooled to room 
temperature before opening for solution analysis by cation chromatography.   
2.7. Viscosity measurement 
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Viscosity was measured using a Physica MCR 301 cone and plate rheometer[4].  This apparatus 
controlled temperatures from -30 to 150 °C.  The viscosity was determined by measuring the torque 
applied to the fluid during the rotation of the cone, which was proportional to the shear stress in the fluid. 
3. Results and Discussion  
3.1. Solid solubility 
The solid solubility window was studied for 6 m PZ/4 m AMP and 6.5 m PZ/3 m AMP at 0 to 45 oC, 
and for 5 m PZ/2.3 m AMP and 2 m PZ/4 m AMP at 0 ºC.  The comparison with 8 m PZ is shown in 
Figure 1.   
 
Figure 1. Comparison of solid solubility window between PZ/AMP blends and 8 m PZ 
To keep 16 m alkalinity in the solution, the former two blends were investigated.  Further study was 
not performed on them since the results showed no improvement compared to 8 m PZ.  The 2/4 blend was 
not observed to precipitate at either the lean or rich boundary.  With the 5/2.3 blend, no solids were 
observed even when the loading was 0.5 at 0 ºC, which means that there may be no rich boundary in this 
blend.  But the solids precipitated when the loading was less than 0.3.  The operating window is slightly 
wider than 8 m PZ. 
3.2. Viscosity 
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High solvent viscosity will reduce the mass transfer rate and degrade the performance of the heat 
exchanger.  The viscosity of the system decreases as the loading increases.  For 8 m PZ at rich loading 
(0.4), the viscosity is 12 cP when the temperature is 40 ºC.  At the same condition (the loading is 0.48 for 
5/2.3 blend, 0.45 for 2/4 blend), the viscosity is 12 cP and 6 cP for 5/2.3 and 2/4 blends. 
3.3. CO2 solubility 
High temperature CO2 solubility data from 100 to 160 ºC were obtained from total pressure 
measurement.  The wetted wall column measured the equilibrium data from 20 to 80 ºC.  An empirical 
model was generated by regressing CO2 partial pressure as a function of temperature and CO2 loading in 
the liquid phase, as shown in Eq. (2). 
2
ln CO
CP A B D
T T
                                                                                                       (2) 
The CO2 solubility data for 5 m PZ/2.3 m AMP and 2 m PZ/4 m AMP at different temperatures are 
shown in Figures 2 and 3, respectively.  The points represent experimental results, while lines are model 
predictions.  Tables 1 and 2 list the high temperature CO2 solubility data.  The low temperature data can 
be found in Table 5.  The regressed coefficients and their standard deviations in Eq. (2) are shown in 
Table 3 for two blends.   
The CO2 loadings at 40 °C when the CO2 partial pressure is 0.5 kPa and 5.0 kPa correspond to lean 
and rich loadings.  Then the cyclic CO2 capacity with the unit of mol CO2 per kg solution can be obtained 
by the difference of rich and lean loadings, as shown in Eq. (3). 
Table 1. High temperature CO2 solubility for 5 m PZ/2.3 m 
AMP at varied loading ( , mol CO2/mol alkalinity) and T 
T 
(oC) 
 PCO2 
(kPa) 
T 
(oC) 
 PCO2 
(kPa) 
120 0.297 120 100 0.436 264 
130 0.295 222 110 0.432 413 
140 0.291 378 120 0.427 661 
150 0.286 626 130 0.418 1035 
160 0.279 974 140 0.410 1436 
120 0.382 368 150 0.397 2037 
130 0.376 617 100 0.494 670 
140 0.369 949 130 0.466 1902 
150 0.359 1430 150 0.439 3237 
160 0.347 2020    
Table 2. High temperature CO2 solubility for 2 m PZ/4 m 
AMP at varied loading ( , mol CO2/mol alkalinity) and T 
T 
(oC) 
 PCO2 
(kPa) 
T 
(oC) 
 PCO2 
(kPa) 
100 0.302 38.5 100 0.406 123 
110 0.301 78.6 110 0.403 221 
120 0.298 157 120 0.397 399 
130 0.294 281 130 0.390 634 
140 0.288 478 140 0.377 1041 
150 0.280 751 150 0.363 1499 
160 0.268 1145 160 0.345 2131 
100 0.351 78.8 100 0.442 192 
110 0.349 134 110 0.437 335 
120 0.345 269 120 0.429 572 
130 0.341 410 130 0.420 885 
140 0.333 647 140 0.405 1354 
150 0.321 1040 150 0.388 1912 
160 0.307 1518    
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Figure 2.  CO2 solubility for 5 m PZ/2.3 m AMP [Filled points: from wetted wall column; Empty points: from total pressure 
measurement; Lines: Eq. (2)] 
 
Figure 3. CO2 solubility for 2 m PZ/4 m AMP [Filled points: from wetted wall column; Empty points: from total pressure 
measurement; Lines: Eq. (2)] 
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2
( )
min ( )
alkalinityrich leanCapacity
H O a e kg
                                                                                     (3) 
The heat of absorption can be derived from the empirical equation (Eq. (2)) according to the Gibbs-
Helmholtz Equation. 
2
ln
( )
(1/ )
CO
abs
P
H R R C D
T
                                                                                         (4) 
The comparison of CO2 capacity and heat of absorption when CO2 partial pressure is 1.5 kPa between 
2 m PZ/4 m AMP, 5 m PZ/2.3 m AMP and 8 m PZ and 4.8 m AMP is shown in Table 3.   
4.8 m AMP has the highest capacity, while 5 m PZ/2.3 m AMP has the least.  The capacity of 2 m 
PZ/4 m AMP and 8 m PZ is comparable.  For heat of absorption, both 2 m PZ/4 m AMP and 5 m PZ/2.3 
m AMP have a better performance over 8 m PZ. 
Table 3. Regressed coefficients in Eq. (2) 
Amine A B C D 
5 m PZ/2.3 m AMP 44.7±2.0 -25.5±5.3 -14222±744 15109±1929 
2 m PZ/4 m AMP 40.2±0.6 -12.6±1.6 -12227±218 8760±578 
Table 4.  Comparison of 5 m PZ/2.3 m AMP, 2 m PZ/4 m AMP, 8 m PZ[5] and 4.8 m AMP[5]  
 5 m PZ/2.3 m AMP 
2 m PZ/4 m 
AMP 8 m PZ 
4.8 m 
AMP 
Cyclic capacity (mol/kg H2O+amine) 0.77 0.78 0.79 0.96 
- Habs (kJ/mol) 70 72 64 73 
3.4. Mass transfer rates 
Figures 4 and 5 compare the liquid film mass transfer rates as a function of the equilibrium partial 
pressure of CO2 at 40 °C between these two blends and 8 m PZ and 4.8 m AMP, respectively[5].  The rate 
data are given in Tables 5 and 6.   
Figures 4 and 5 show the same trend of rates as a function of temperature.  The rate decreases as the 
temperature increases.  This trend is a result of the method of calculating rates[21].  Loading has a negative 
influence on rate: the higher the loading, the lower the rate.  The reason can be attributed to the 
decreasing concentration of free amine in the solution as the loading goes up. 
The rates of these two blends are much higher than those of 4.8 m AMP at all conditions.  Compared 
to 8 m PZ, the rates of the 5/2.3 blend are slightly lower and higher at lean and rich loadings, and 2/4 
exhibits higher and similar rates at lean and rich loadings.  The rates of these two blends do not make a 
big difference, even though the concentration of PZ in the 5/2.3 blend is 2.5 times higher than in the 2/4 
blend. 
3.5. Volatility 
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Two sets of volatility experiments for 5 m PZ/2.3 m AMP from 40 to 65 °C were performed.  The 
loading was 0 and 0.299.  Table 6 lists the equilibrium partial pressure of different species (Pi, i=PZ, 
AMP, H2O, CO2, Pa) at different temperature (T, C) and loading ( , mol/mol alkalinity).   
The volatility of AMP in the blend is much higher than PZ.  Since more AMP exists in the 2/4 blend, it 
is expected that the 2/4 blend would be more volatile than the 5/2.3 blend. 
3.6. Thermal degradation 
Two parallel sets of experiments were performed for thermal degradation with 5 m PZ/2.3 m AMP 
loaded with 0.4 mol CO2/mol alkalinity at 135 and 150 °C.  Data were obtained for six weeks in the first 
set.  Tables 7 and 8 list the remaining concentration (c, mol/kg solution) of PZ and AMP as a function of 
time (t, weeks).  The degraded samples were analyzed by cation chromatography[4]. 
  
 
Figure 4.  CO2 Liquid Phase Mass Transfer Coefficient (kg 5 m PZ/2.3 m AMP [Dashed line: 8 m PZ at 40 °C. Round dot line: 
4.8 m AMP at 40 °C] 
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Figure 5.  CO2 Liquid Phase Mass Transfer Coefficient (kg  [Dashed line: 8 m PZ at 40 °C. Round dot line: 4.8 
m AMP at 40 °C] 
Table 5. Low temperature CO2 solubility (PCO2, kPa) and 
liquid film mass transfer rates (kg , 10-7 2) for 5 m 
PZ/2.3 m AMP at varied loadings ( , mol CO2/mol alkalinity) 
and T (T, °C) 
T  PCO2  T  PCO2  
40 0.310 0.33 18.9 40 0.380 1.63 10.0 
60 0.310 2.03 17.1 60 0.380 8.48 9.16 
80 0.310 8.24 18.2 80 0.380 36.6 5.69 
100 0.310 44.3 6.59 20 0.420 0.68 5.19 
20 0.350 0.09 12.9 40 0.420 3.94 5.62 
40 0.350 0.84 12.6 60 0.420 19.6 4.56 
60 0.350 4.42 13.0 20 0.465 2.19 2.62 
80 0.350 20.5 10.1 40 0.465 13.0 2.36 
20 0.380 229 9.53     
Table 6. Low temperature CO2 solubility (PCO2, kPa) and 
liquid film mass transfer rates (kg , 10-7 2) for 2 m 
PZ/4 m AMP at varied loadings ( , mol CO2/mol alkalinity) 
and temperatures (T, °C) 
T  PCO2  T  PCO2  
20 0.310 0.05 34.9 80 0.36 20.9 9.73 
40 0.310 0.34 29.5 20 0.442 0.37 6.46 
60 0.310 2.69 19.8 40 0.442 3.01 6.7 
80 0.310 12.7 16.6 60 0.442 14.6 6.17 
100 0.310 50.5 7.83 20 0.486 1.01 3.58 
20 0.36 0.09 15.3 40 0.486 6.42 4.14 
40 0.36 0.82 14.8 60 0.486 25.1 4.12 
60 0.36 4.92 14.0     
 Assuming amine degradation follows pseudo first order reaction, degradation rate, activation energy, 
and maximum stripper temperature can be calculated[6]. 
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Table 7.  Amine volatility (P, Pa) in aqueous 5 m PZ/2.3 m 
AMP when =0, 0.3 mol CO2/mol alkalinity at different 
temperatures (T, ºC) 
T  PPZ PAMP PH2O PCO2 
40.1 0 4.78 12.15 5911 0 
45 0 5.21 13.80 7130 0 
50 0 8.46 21.06 9449 0 
55 0 13.52 31.06 12203 0 
60 0 15.46 40.17 15378 0 
40 0.299 0.60 5.71 5723 244 
45 0.299 0.65 8.24 7310 407 
50.1 0.299 1.23 12.57 9757 677 
55.1 0.299 1.90 17.65 12568 914 
60 0.299 2.69 23.44 15822 1338 
65 0.299 4.14 34.35 20050 2190 
Table 8.  Thermal degradation for 5 m PZ/2.3 m AMP when 
=0.4 mol CO2/mol alkalinity at 135 °C-concentration of 
amines (c, mol/kg solution) as time (t, week) changes 
First set Second set 
t cPZ cAMP t cPZ cAMP 
0 2.86 1.42 0 2.73 1.32 
1 2.79 1.29 1 - - 
2 2.75 1.30 2 - - 
3 2.73 1.24 3 2.45 1.16 
4 2.71 1.14 4 2.43 1.13 
5 2.70 1.15 5 2.44 1.12 
6 2.60 1.10 6 2.36 1.07 
7 - - 7 2.35 1.02 
8 - - 8 2.33 0.96 
Table 9.  Thermal degradation for 5 m 
PZ/2.3 m AMP when =0.4 mol CO2/mol 
alkalinity at 150 °C-concentration of amines 
(c, mol/kg solution) as time (t, week) 
changes 
First set Second set 
t cPZ cAMP t cPZ cAMP 
0 2.86 1.42 0 2.73 1.32 
1 2.60 1.14 1 - - 
2 2.56 0.95 2 2.34 0.94 
3 2.53 0.98 3 2.20 0.87 
4 2.42 0.86 4 2.07 0.71 
5 2.32 0.71 5 2.02 0.59 
6 2.27 0.62 6 1.96 0.52 
7 - - 7 1.91 0.44 
8 - - 8 1.91 0.44 
Table 10.  Thermal degradation - Apparent first order rate constants (k1, 10-9 s-1), 
activation energy (E, kJ/mol) and estimated maximum stripper temperature 
(Tmax, °C) (m: amine concentration, mol/kg H2O; : loading, mol/mol alkalinity) 
Amine Solution m  
k1 
135 °C     150 °C 
E Tmax Ref. 
PZ PZ 8 0.4 0.5 8 191 162 [4] 
AMP AMP 7 0.4 21 86 112 137 [6] 
MEA MEA 7 0.4 134 828 157 121 [6] 
PZ PZ/AMP 5/2.3 0.4 39 90 79 130  
AMP PZ/AMP 5/2.3 0.4 63 256 135 127  
PZ+AMP PZ/AMP 5/2.3 0.4 47 133 99 128  
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The comparison of the reaction rate, activation energy, and estimated stripper temperature for different 
amines can be found in Table 10.  Both PZ and AMP have larger rate constants in the PZ/AMP blend than 
as single amines, but still lower than MEA.  Tmax is the temperature that gives the same degradation rate 
constant as for MEA (2.9 e-8 s-1).  The Tmax for the blend is substantially greater than for MEA, so the 
blend can be used with a greater stripper T and pressure. 
Analysis from cation chromatography and liquid mass spectrometry suggests that the main degradation 
product is 1,1-dimethyl-2-piperazin-1-ethylamine (DPE), whose structure is shown in Figure 6. 
 
Figure 6.  Molecular structure of 1,1-dimethyl-2-piperazin-1-ethylamine (DPE) 
DPE is a promising usable amine, which needs more investigation. 
4. Conclusions  
Table 11 presents a comparison of the PZ/AMP blends and other amine alternatives.  The normalized 
capacity is the true capacity multiplied by (viscosity/10 cp)^-0.25 to account for the effect of viscosity on 
heat exchanger sizing[23].  The PZ/AMP blends provide competitive rate, capacity, and maximum stripper 
temperature. 
Table 11.  Comparison of the PZ/AMP blends and other amine alternatives 
Amine m 
kg avg 
×107 
Capacity (mol/kg) - Habs 
kJ/mol 
Viscosity @40 °C (cP) Tmax 
ºC 
Pmax 
bar 
Ref. 
True Normalized @ rich loading @ lean loading 
PZ 8 8.5 0.79 0.75 64 12 10 163 20.2 [4] [22][23] 
AMP 5 2.4 0.96 1.20 73 4.1 3.1 137 8.2 [4] [21] [23] 
PZ/AMP 5/2.3 7.5 0.77 0.78 71 10.4 8.5 134 4.5 this work, [23] 
PZ/AMP 2/4 8.6 0.78 0.89 72 5.8 5 127 5.7 this work, [23] 
2-PE 8 3.5 1.23 0.99 73 23.5 14.4 127 5.5 [4] [21] [23] 
MEA 7 4.3 0.47 0.62 70 3.3 2.84 121 4.0 [4] [22] [23] 
MDEA/PZ 7/2 6.9 0.80 0.82 68 9 N/A 143 8.3 [4] [21] [23] 
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1. 2 m PZ/4 m AMP does not have any precipitation over a wide range of CO2 loading.   
2. 2 m PZ/4 m AMP will have significant amine volatility at lean conditions. 
3. For thermal degradation, AMP and PZ will promote each other and degrade faster in the blend 
than individually.  The total degradation rate is about one third that of 7 m MEA at 135 °C and 
one sixth at 150 °C.  But as long as the main degradation product 1,1-dimethyl-2-piperazin-1-
ethylamine is verified useful, degradation will not be a problem for this blend. 
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